The mature central nervous system extracellular matrix {#sec1-1}
======================================================

Glial cells were once thought to serve as a passive scaffolding to provide support for the electrically active neurons of the brain and spinal cord. These cells are now more fully appreciated in their role as heterogeneous and dynamic homeostatic and facilitator signaling cells of the central nervous system (CNS). Together with neurons, glial cells also contribute to the supportive structure of the nervous system as they produce and assemble a highly organized extracellular matrix (ECM) with adhesive and charge characteristics that enable a wide array of efficiencies in function. The ECM is found throughout gray and white matter and is principally composed of a hyaluronic acid (HA) backbone that attaches to proteoglycans and glycoproteins. It is especially enriched in chondroitin-sulfated proteoglycans (CSPGs) of the lectican family (aggrecan, neurocan, versican and brevican). Additional components include tenacins, link proteins (cartilage link protein 1, Crtl1, and brain link proteins Bral1 and 2), and other glycoproteins, including phosphacan, reelin, thrombospondins, and heparin sulfate proteoglycans (Rutka et al., 1988; Viapiano and Matthews, 2006; Galtrey et al., 2008). The following review was prepared by reading and discussion of over 200 research articles in the field from searches of "Extracellular Matrix" and "Spinal Cord Injury" in PubMed and selecting those with significant impact and/or controversial points.

The CNS-ECM undergoes dramatic changes during development. The embryonic brain and spinal cord ECM is dominated largely by non-sulfated HA and expansive extracellular space, which occupies as much as 40--50% of the volume of the early CNS. Structural ECM adhesive molecules including laminins and fibronectin are loosely arranged and prevalent in the early neural tube where they provide substrates and signaling ligands for progenitor cell proliferation and migration, while later expression and regulation of additional growth-permissive and growth-inhibitory molecules modulate appropriate patterns of migration and axonalguidance (Meyer-Puttlitz et al., 1995; Sykova and Nicholson, 2008; Franco and Müller, 2011; Mercier and Arikawa-Hirasawa, 2012). Postnatally, the HA concentration in the brain and spinal cord decreases, but the synthesis and expression of hyaluronan synthases increases, stabilizing HA along the cell surface. Subsequently, there is a decrease in the amount of extracellular space and decreased expression of selected early ECM components, such as full-length neurocan, brevican/V2 and tenacin-C. This is accompanied by a corresponding increase in synthesis of more mature ECM components including a cleaved form of neurocan, and increased levels of aggrecan and phosphacan (Meyer-Puttlitz et al., 1995; Galtrey et al., 2008). At the same time, laminin and fibronectin expression that are prevalent early in development are down-regulated in the gray and white matter, and become primarily restricted to the basal lamina of blood vessel and pial surfaces as described below. Some examples of staining patterns of selected ECM molecules in the intact adult mouse and rat spinal cord are shown in Figure [1A](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}.

![Examples of chondroitin-sulfated proteoglycan (CSPG) components in the ventral horn of the normal rodent spinal cord.\
(A) Histochemical staining of transverse section from a mouse lumbar spinal cord with Wisteria Fluoribunda Lectin (WFA), which preferentially binds to carbohydrate structures terminating in N-acetylgalactosamine linked to galactose. The dark staining surrounding ventral neurons reveals strong CSPG-glycosaminoglycan content of the perineuronal nets as well as intercellular extracellular matrix (ECM) less tightly associated with the cell soma. (B) Immunostaining with monoclonal anti-neurocan antibodies show neurocan condensed around large neurons in the ventral horn of the intact rat spinal cord. (C) Aggrecan is identified using monoclonal antibody, Cat301. Dense aggrecan-rich perineuronal net structures surround a large motor neuron containing the cholinergic enzyme, choline acetyl transferase (ChAT; red). Note nearby motor neurons containing ChAT, but lacking aggrecan staining and small aggrecan-positive profiles which appear to be larger dendrites. (D) Immunostaining with antibody raised against the link protein Crtl-1 reveals proximity to most large neuronal cell bodies and loosely distributed throughout the gray matter in a rat spinal cord. Scales = 50 μm.](NRR-9-377-g001){#F1}

During synaptogenesis, well-characterized glycoprotein-dense ECM structures develop in a time and experience dependent manner throughout the gray matter. Specifically, in response to high neuronal electrical activity, the ECM surrounding a subset of neuronal perikarya condenses as a net-like structure surrounding synapses on the soma and proximal dendrites (Carulli et al., 2007; Dityatev et al., 2007). These networks are the perineuronal nets (PNNs) initially described and drawn by Santiago Ramon y Cajal and Camillo Golgi (reviewed in (Celio et al., 1998)). The PNNs are highly enriched in HA, tenacin-R, and the lecticans. These glycoproteins are attached tightly to the hyaluonan synthetase molecules on the cell membrane. The complexes are then secured firmly to the linear HA sugar chain backbone by the link proteins Crtl1 and BraI2 (Bekku et al., 2010). The PNNs exhibit slightly different lectican combinations on different cell types and in different regions. PNNs have received extensive attention recently as critical mediators of synaptic efficacy and inhibitors of sprouting and plasticity, and several reviews of PNN formation and function are published elsewhere \[*e.g*., (Wang and Fawcett, 2012)\]. One important function of PNNs is to restrict aberrant plasticity of neural wiring, thus marking a critical period in which pathways are established in different sensory systems. In addition, PNNs serve to enhance synaptic efficacy in the mature CNS by providing mechanical and biochemical diffusion barriers that reduce ion and neurotransmitter cross-talk (Härtig et al., 1999). Recent studies also suggest that PNNs can protect highly active neurons from metabolic stress associated with rapid firing (Cabungcal et al., 2013). Notably, quite similar dense ECM structures are also formed at perinodal regions along axons in the white matter, where they also enhance axonal conduction efficiency. Studies using knockout mice deficient in components of the nodal ECM such as tenacin-R resulted in disrupted perinodal ECM structures and marked deficits in axonal conduction (Weber et al., 1999). The ion channel distribution was unchanged, suggesting that these structures do not simply hold membrane proteins in place, but instead implicate a role for these structures in limiting ion diffusion. Thus, throughout much of the CNS, the mature ECM provides fairly stable molecular interface that enhances efficient neural communication while restricting aberrant signaling and synaptic reorganization.

In the absence of injury or disease, the CNS-ECM is not only relatively stable, but is also effectively separated from that of the periphery by a basal lamina sheet-type matrix. For instance, at the neurovascular junction, the blood-brain or blood-spinal cord barrier is formed by vascular endothelial cells, pericytes and astrocyte endfeet and closely adhered with layers of basement limiting membrane (Abbott et al., 2006). This matrix includes collagens, laminins, fibronectin, entactin, thromospondin, heparin sulfate proteoglycans and CSPGs with differing composition in the different layers. The laminar ECM structure can be seen in electron micrographs, and is continuous with that of the pial border. A similar basal lamina is also clearly identified between astrocytes and Schwann cells at the dorsal root entry zone and at the axonal exit sites in the proximal ventral roots, thus effectively separating the peripheral glial environment from that of the CNS.

Only very limited ECM remodeling is seen in the adult CNS, with the exception of specific sites where cellular proliferation, migration, or robust axonal sprouting continues through adulthood. In regions where neurogenesis is ongoing, the ECM is highlighted by continuous expression of growth and migration-permissive basement membrane components including laminins, collagen IV and perlecan (Kerever et al., 2009; Mercier and Arikawa-Hirasawa, 2012). There is an especially high expression of N-sulfated heparin sulfate proteoglycans and tenacin-C, which likely serve to bind and activate relevant growth and proliferation factors. In addition, regions characterized by of high levels of activity dependent plasticity, such as the hippocampus and hypothalamus, exhibit more continual and dynamic ECM remodeling (Theodosis et al., 1997).

Calling in the forces--the inflammatory response to injury {#sec1-2}
==========================================================

Injuries to spinal cord or brain often result from a rapid displacement or fracture of the bony vertebrae or skull that directly impacts the soft CNS tissue, causing compression and/or contusion. The rich capillary beds are susceptible to shearing, resulting in petechial hemorrhages and extravasation of plasma proteins, while the white matter areas are subjected to mechanical distraction and axonal injury (Tator and Fehlings, 1991; Soares et al., 1995). These injuries are typically modeled for reproducibility in the laboratory by using a weight drop or controlled single impact devices or by the use of handheld clips or forceps applied to the dorsal or lateral aspects of the intact dura following asurgical laminectomy or craniotomy (ex. (Jakeman et al., 2000)). After the acute impact and primary events, a multitude of secondary pathophysiological processes ensues. These include edema and vasoconstriction leading to hypoxia; electrolyte dysregulation; accumulation of biochemical toxins, and a loss of energy metabolism (reviewed in (Tator and Fehlings, 1991)). Together, these events trigger secondary cell death by necrosis and activation of apoptosis. Many therapeutic approaches are under investigation for acute treatments with the hope of reducing or preventing these secondary injury processes.

The time course of local inflammatory changes after spinal cord contusion and compression injuries has been described experimentally in rodent and human studies (Popovich et al., 1997; Fleming et al., 2006). Following impact, microglia and astrocytes at the injury site are activated by mechanical and biochemical stimuli within minutes to hours. The microglia upregulate cell surface receptors and rapidly extend processes toward the site of injury, and astrocytes quickly increase expression of chemokines and cytokines, which recruit leucocytes to the lesion site. As early as 6 hours after injury, neutrophils (polymorphonuclear leukocytes) arrive and release toxic molecules and proteases that help to break down the damaged and dead cells. Soon after, microglial cells and circulating monocytes are recruited to the lesion site. Damage-associated molecular pathogens including nucleotide and damaged ECM fragments provide potent signals for activation of these cells, which go on to develop into active macrophages with a phagocytic morphology and marked expression of the lysosomal associated membrane glycoprotein, ED-1 (also called CD68), by 3--4 days after injury. The macrophage response peaks at 7--14 dpi after spinal cord contusion or transection injury (Popovich et al., 1997)and about 4 days post-injury after controlled cortical impact (Chen et al., 2003). However, unlike the resolution of inflammation and clearance of macrophages following injuries in the periphery, macrophages that accumulate in the lesion site of the brain or spinal cord remain elevated chronically.

Macrophages can be activated *in vitro* along divergent functional pathways. In the presence of interferon gamma (IFNγ or toll-like 4 receptor agonists, they exhibit a classically activated phenotype (M1), characterized by expression of oxidative metabolites and pro-inflammatory cytokines. However, when exposed to interleukin-4 (IL-4) or IL-13, macrophages are activated in an alternative, or M2 phenotype, which is directed toward a wound healing response; these M2 macrophages secrete IL-10, IL-1Ra and express arginase and CD206 (reviewed in (Martinez et al., 2009)). Following peripheral injuries, the wound healing events typically include an early M1 dominated response, followed by resolution to an M2-like phenotype. However, following injury to the brain or spinal cord, the initial peak includes a heterogeneous population of macrophages, including those that are polarized to an M1 and M2 phenotypes. After about 2 weeks following CNS injury in the rodent, the lesion site is dominated by M1 macrophages that create a highly neurotoxic, inflammatory environment that persists chronically, potentially preventing the spinal cord from properly repairing, and inhibiting neurite outgrowth (Kigerl et al., 2009). One current approach to improve repair after injury is to identify treatments that could tip the balance of macrophage function toward an M2 phenotype. To date, however, there is no evidence that M1-like cells within an established lesion can be redirected in this manner.

The emergency response--mobilizing glial cells to protect the spared tissue {#sec1-3}
===========================================================================

Many of the chemical signals that activate and recruit inflammatory cells also have profound effects on the resident glial cells and progenitors within the injured tissue. Factors released from the blood, including thrombin and plasma fibronectin, as well as cytokines and growth factors produced by injured neurons and glial cells, such as fibroblast growth factor, promote cell proliferation (Mocchetti et al., 1996). Astrocyte precursors and oligodendrocyte precursor cells (NG2^+^) proliferate within the first week after injury (Mothe and Tator, 2005; Zai and Wrathall, 2005). Some of these proliferating cells originate from the ependymal and subependymal regions surrounding the central canal of the spinal cord and subventricular zone of the brain, but many also arise from existing resident NG2^+^ precursor cells and protoplasmic astrocytes that are found throughout gray matter (Barnabé-Heider et al., 2010). The glial cells accumulate at the lesion border, where astrocytes increase expression of markers of early development (nestin and brain lipid binding protein, BLBP) and cytoskeletal proteins including nestin, vimentin and glial fibrillary acidic protein (GFAP), while many NG2^+^ cells will differentiate into oligodendrocytes (Zai and Wrathall, 2005; Tripathi and McTigue, 2007; White et al., 2010). In time, the microglia intermingle with and differentiate into macrophages, and NG2^+^ cells both line and enter the lesion site. In contrast, astrocytes are typically excluded from the macrophage rich lesion center. Indeed, by 10--14 days after injury, there are few astrocytes within the lesion site.

The specific stimuli that exclude astrocytes from the center of a spinal cord injury lesion are not fully understood. Fitch et al. (1999) first described an *in vivo* model of scar formation without hemorrhage in which a microinjection of zymosan, which induces macrophage activation, induced the formation of a glial-bound cavity in intact rat corpus callosum. This showed that macrophage activation is sufficient to induce the retraction of astrocytes to a lesion border and formation of an astrocyte scar. This was followed with an *in vitro* study that demonstrated that when primary astrocytes were exposed to challenge by zymosan-activated macrophages, they retracted their processes and walled the macrophages off (Fitch et al., 1999). Wanner et al., (2008)have recently developed a different *in vitro* model which combines stretch-induced activation of astrocytes with exposure to mesenchymal fibroblasts. The resulting cultures develop clearly defined isolated islands of fibrotic scar tissue surrounded by astroglial cells that closely mimic the fibroblast-astrocyte scar observed following spinal cord trauma *in vivo*. Thus, either activated macrophages or fibroblasts are sufficient to induce the formation of an astrocyte scar lining the site of injury.

Signals in the local environment induce glial cells to alter ECM composition at the lesion border {#sec1-4}
=================================================================================================

The scar-forming astrocytes at the borders of inflammatory CNS lesions also dramatically alter their expression of ECM molecules. Disruption of the CNS barrier by penetrating injuries or vascular damage leads to the invasion by leucocytes and also other peripheral cells including Schwann cells, mesenchymal cells and perivascular cells. This is followed by increased secretion of basal lamina proteins by the astrocytes and the peripherally derived cells and a re-establishment of a glial limitans, effectively restoring separation of peripheral and CNS environments. The newly formed glial limitans is a critical component of the challenge associated with regeneration, as most CNS axons can easily grow along the permissive substrate surface, but do not readily pass through the dense sheet without activation of specific migratory proteases.

In addition to re-establishing the basal lamina, the proteoglycan network surrounding the site of damage is also dramatically altered. The best studied of the ECM alteration are changes in the expression of CSPGs and their glycosaminoglycan (GAG) sidechains. CSPG-GAGs are highly inhibitory to axonal growth *in vitro*, and removal of these sites with chondroitinase ABC (ChABC) reduces the inhibitory effect of CSPGs on axonal growth (McKeon et al., 1995). Fitch and Silver (Fitch and Silver, 1997) first documented the distribution and time course of CS-GAG expression after spinal cord hemi-crush or cortical knife cut injuries using a mouse monoclonal IgM that recognizes CS-GAGs (Avnur and Geiger, 1984). This antibody, clone CS56, has been used to localize inhibitory GAG chains in many lesion models with similar results (Ma et al., 2004). CS56 staining is increased during the first week after injury. It is concentrated at the borders of the lesion and increases in intensity wherever the astrocyte distribution approaches that of macrophages or peripherally derived cells that are in the lesion site. Fitch and Silver noted that there is no notable increase in CS56 staining in regions of astrogliosis that are not associated with macrophages, such as the denervated dorsal columns and dorsal root entry zone away from the site of direct damage. Similar findings were confirmed in human SCI tissues (Buss et al., 2004). Increases in CS56 staining are most notable in areas where the blood-brain barrier is disrupted, which would correspond to those areas where peripheral inflammatory cells and molecules come in direct contact with CNS astrocytes. [Figure 2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"} illustrate the increased expression of CS56 at the borders of a contusion 4 weeks after injury.

![Distribution of chondroitin-sulfated proteoglycan (CSPGs) at the borders of a rat spinal cord contusion injury.\
(A, B) Immunofluorescence of longitudinal sections stained using the CS56 monoclonal antibody that recognizes glycosaminoglycan side chains. Staining is markedly increased at the rostral border (RB) and caudal border (CB) of the contusion injury at 28 days after initial impact (green \^). (C) Low power confocal micrograph of neurocan core protein staining (red) counterstained with a polyclonal antibody raised against the glial fibrillary acidic protein (GFAP) found in reactive astrocytes (green). At 14 days after contusion injury in rat, GFAP-positive processes (\*) line the edges of the macrophage filled lesion (macrophages not shown), while neurocan core protein is restricted to the reactive neuropil slightly retracted from the edges of the glial border (arrows). Scales = 100 μm.](NRR-9-377-g002){#F2}

Additional studies have documented changes in the CSPG core proteins surrounding the site of trauma. Immunohistochemistry and *in situ* hybridization studies have shown that expression of neurocan, brevican, versican and NG2 all increase directly adjacent to the lesion borders as early as 1 day after a stab or cut injury of the brain or spinal cord and then recover to near baseline by 8 weeks post injury (*e.g*., (Tang et al., 2003)). In contrast, aggrecan expression near the lesion is markedly reduced after injury, and phosphacan is reduced in the perilesion borders but recovers by about 4 weeks after injury (Andrews et al., 2011). Western blot studies demonstrate that neurocan shows a shift in processing, such that increased amounts of full-length neurocan accumulate at the lesion site after injury (Tang et al., 2003; Andrews et al., 2011). The re-expression of the higher molecular weight neurocan species seen in early development may provide a local environment that regulates cell migration and the diffusion of growth factors. In Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}, neurocan expression can be seen near the astrocyte border at the edges of a contusion injury.

While CS56 staining does not increase in regions distant to the injury site, there are changes in expression of the CSPG core proteins in regions associated with Wallerian degeneration after dorsal root or CNS injuries. Neurocan, brevican and versican expression are all increased in the dorsal horn after rhizotomy, and entorhinal cortex lesions result in increased NG2 and neurocan expression in the denervated hippocampus (Haas et al., 1999). After dorsal column lesions, NG2, brevican, and high molecular weight neurocan are increased in the denervated dorsal column nuclei (Massey et al., 2008). Following contusion injury in the mid-thoracic spinal cord, there are long term increases in high molecular weight neurocan expression in the gray matter as far away as the cervical and lumbar spinal cord segments (Andrews et al., 2011). These regions are associated with increased microglial and astrocyte hypertrophy after injury. Hansen et al. have recently demonstrated that there is a profound interaction between this remote pro-inflammatory gliosis response and the efficacy of intense locomotor therapy after a mid-thoracic SCI in mice. If mice are subjected to daily sessions of body-weight supported treadmill training in the first week after injury, they actually develop deficits in locomotor function compared with non-trained controls. In contrast, in genetic knockout mice lacking the inflammatory protease, MMP-9, this early training deficit was replaced by improved recovery (Hansen et al., 2013). Thus, injury induced changes in ECM composition may serve to alter plasticity at segments far from the lesion site.

The signals that induce expression of inhibitory ECM molecules at the lesion site are still being identified. Activated macrophages are appropriately localized and appear to be important for initiating the reactive properties of astrocytes in the time course of scar formation. Pro-inflammatory cytokines, such as IL-6, TNFα and INFγ promote astrocyte proliferation, and several growth factors produced by neurons and astrocytes early after injury, such as EGF, TGFα, and PDGF stimulate proliferation, cell migration and CSPG production by astrocytes (Smith and Strunz, 2005). However, the wound healing factor, TGFβ is perhaps the most potent stimulus for CSPG synthesis *in vitro* and its expression *in vivo* closely correlates with the time course of scar formation after SCI. TGFβ mRNA is markedly upregulated 4--7 days after contusion injury in rats and it is expressed by microglia, macrophages and fibroblasts (McTigue et al., 2000; Lagord, 2002). Therefore, CSPG upregulation can be induced by both the very acute pro-inflammatory stimuli associated with immediate secondary injury as well as delayed factors from the recruited cells that drive resolution of the lesion site. Inhibiting TGFβ function with antibodies also inhibits both glial and fibrotic scarring, but does not enhance regeneration, suggesting that scar tissue and inhibitory molecules alone are not responsible for the failure of regeneration (King et al., 2004).

Astrocytes and macrophages signal bi-directionally in both positive and negative feedback mechanisms in scar formation. Reactive astrocytes actively synthesize chemokines and pro-inflammatory cytokines (Falsig et al., 2006). The role of astrocyte signaling through nuclear factor kappaB (NFκB) in inflammation is shown as mice with a constitutively active inhibitor of kappaB expressed selectively in astrocytes have significant reduction in macrophage activation, glial scar formation, and exhibit enhanced locomotor recovery after a spinal contusion injury (Brambilla et al., 2005). However, this is subjected to feedback regulation, as new studies suggest that chondroitin sulfate dissacharide expression by astrocytes could also contribute to drive macrophages toward the alternatively activated, pro-regenerative, or M2 phenotype (Ebert et al., 2008). This feedback is limited, as CSPGs remain elevated in the chronic SCI borders, yet the chronic lesion site is dominated by classically activated or pro-inflammatory macrophages.

Seeking to modify the ECM without eliminating the protective role of the glial border {#sec1-5}
=====================================================================================

A historical goal of CNS regeneration research has been to eliminate the inhibitory astroglial scar in order to enable regeneration of axons across the site of an injury. Approaches have included the use of ethidium bromide or X-irradiation to kill dividing cells at the lesion site (Ridet et al., 2000). These methods are not specific for astrocytes, and while they can reduce scar formation at the appropriate doses, the glial cells resume proliferation and establish a typical scar at the lesion site shortly after treatment is ended. Resection or photo ablation methods remove an established glial border, but these effects appear to have no benefit for recovery and have not translated to long-term restoration of function. Recent studies using genetic and transgenic approaches have targeted ablation of GFAP-expressing cells by incorporation of a herpes thymidine kinase that is activated with oral gancyclovir. In both brain and spinal cord injury models, the targeted ablation of all dividing astrocytes caused increased inflammation and expansion of the lesion, leading to impaired recovery (Faulkner, 2004). STAT3 is a critical downstream mediator of astrocyte migration and scar formation. Deletion of STAT3 from nestin-expressing cells (Okada et al., 2006) or from GFAP-expressing cells in mice (Herrmann et al., 2008) prevents the contraction of the glial border after SCI, which leads to increased lesion size and impaired recovery. Thus, astrocyte mediated reactivity and scar formation are important for neural survival and for restricting inflammation and restoration of the blood-brain barrier.

In contrast to effect of astrocyte and scar ablation, treatments designed modify the ECM at the lesion border without altering proliferation and migration can facilitate axonal growth and plasticity after injury. CSPGs are the most studied of these inhibitory molecules. As described above in *in vitro* studies, removing CSPG-GAG sidechains by intrathecal and/or intraparenchymal administration of ChABC can promote sprouting of axons into perilesional areas and regions of degeneration after spinal cord injury (Bradbury et al., 2002; Barritt et al., 2006; Harris et al., 2010). In addition, inhibiting CSPG-GAG expression with deoxyribozyme-mediated knockdown of the xylosyltransferase-1 (Grimpe, 2004), or blocking transcription of Sox9, which lies upstream of CSPG synthesis (McKillop et al., 2012), also improve the capacity for local axonal sprouting at the lesion site. The functional results of administering ChABC alone are inconsistent; while some labs have reported improved recovery in spinal cord injury models (Bradbury et al., 2002; Caggiano et al., 2005), others have not (Harris et al., 2010; Mountney et al., 2013). The best evidence shows that ChABC can enhance functional plasticity of spared circuitry, and when it is combined with task-specific training, this enhanced sprouting is sufficient to support improved functional recovery, especially after partial injuries (Tester and Howland, 2008; Wang et al., 2011).

The beneficial effects of removing CSPG-GAGs on recovery may be time dependent. In a recent study, D-xyloside, an inhibitor of CSPG-GAG synthesis, was administered to the site of contusion injury in mice either immediately or 2 days after SCI (Rolls et al., 2008). When administered immediately post-injury, the enzyme reduces CSPG expression, but surprisingly, it exacerbated the extent of damage at the lesion site. In comparison, administration of the same drug at 2 days post-injury had no effect on the lesion size, but enabled improved recovery. The authors suggest from these data that early expression of CSPGs may limit inflammatory damage, while neural plasticity is enhanced in the delay paradigm by blocking CSPG production coincident with cellular repair. However, this interpretation does not explain why numerous studies have shown that ChABC, when given immediately post-injury, or even if it is increased prior to injury with viral vector expression, does not exacerbate the injury, but instead increases sprouting and/or improves recovery. One explanation for the detrimental effects of early xyloside treatment in the Rolls work may be due to drug interactions or off target effects. The enzyme causes increased accumulation of long xyloside-linked GAGs in the golgi and extracellular matrix that cannot attach to the CSPG core proteins (Carrino and Caplan, 1994). These accumulated GAGs may harm repair processes or signal other vents that exacerbate the lesion early after injury. Clearly, better approaches are needed to address this time dependent hypothesis using alternative synthesis and processing inhibitors in order to identify the optimal window of intervention for targeting inhibitory CSPG sites.

In summary, the result of the protective glial response to inflammation associated with trauma in the CNS is the formation of a structural and chemical barrier that inhibits synaptic plasticity and axonal growth, both of which will be essential for neurological repair. In the last decade, great strides have been made in understanding the dual roles of the glial response and the nature of the ECM changes following injury. New approaches, including the extensive use of ChABC, have been successful for modifying the inhibitory characteristics of the perilesion environment while maintaining the protective functions of the cellular response to injury. To date, however, the functional effects of ECM targeted therapies alone have been limited largely because they do not address cellular replacement or sufficiently drive the intrinsic growth potential of injured CNS neurons. Exciting results are now being reported using strategies that combine cell grafting, intrinsic axon growth activation, and rehabilitation therapies with these ECM modifications. Sorting through the results of many different combinations and experimental models will take time. However, by starting with a firm understanding of the structure and function of the ECM and then appreciating the basic cellular dynamics that limit repair and recovery, the ultimate goal of identifying translatable therapeutic approaches that address the highly heterogeneous repair needs of different brain and spinal cord injuries is certainly achievable.
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